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CHEMISTRY OF ADHESION AT THE POLYIMIDE-METAl. INTERFACE

M. Grunze , W.N. Unertl, S. Gnanarajan and J. French, Laboratory foz Surface
Science and Technology and Department of Physics, University of Maine, O[,rui,
ME 04469.
*Present address: Lehrstuhl fuer Angewandte Physikalische Chemie, Institut
fuer Physikalische Chemie, Universitaet Heidelberg, [im Neuenheim.r Feld 251,
6900 Heidelberg, West Germany.

.2'- ABSTRACT

This article describes recent studies of the chemistry of adhesiori be-
tween thin (d 11 A) polyimide films and silver and copper substrates, and
the structural changes in the polymer when polyamic acid is imidizucd to pIv-
imide. The thin polyamic acid films were formed by vapor phase deposition of
1,2,4,5-benzenetetracarboxylic anhydride (PMDA) and 4,4-oxydianiLine (ODA)
under high vacuum conditions and subsequent imidization by heating in vacuum.

* Both ODA and PMDA are at least partially dissociated upon adsorption onto
N clean copper and silver and with increasing film thicknesses react to form

the polyimide precursor, polyamic acid. Heating to T > 425 K leads to poly-
merization to form polyimide films which are thermally stable to about 700 K.
Polyimide films with mean thicknesses as small as 1.1 nm have been fabricated
in this way and their bonding to the substrate as determined by x-ray photoe-
mission studies is summarized. Infrared reflection absorption data gives
further evidence that the polyimide bonds to the substrate via fragmented
PMDA. Changes in the surface topograpliv and molecular structure of the films
during imidization are demonstrated by scanning tunneling micrographs and in-
frared reflection absorption data.

*1" INTRODUCTION

Polyimides (PI) are high temperature polymers that have a unique combi-

nation of thermal stability, low dielectric constant, chemical inertness and
'-. easy processibility into coatings or films. The most commonly used poly-

imides are those formed by the reaction of 4.4'-diaminodiphenyl ether (oxydi-
aniline (ODA)) and 1,2,4,5 benzenetetracarboxylic anhydride (p&romellitic di-
anhydride (PMDA)). In microelectronic device applications [1-3j, these are
used in both packaging [1,4] and as insulating interlevel dielectrics [1,51.

The successful adhesion between PI and metals is essential in these ap-
plications and the physical and chemical factors which contribute to the ad-
hesion are of fundamental interest. In the absence of extrafacial inhomo-
geneity (eg. stress free films) the strength of the adhesive couple is depen-
dent directly on the physics and chemistry at the polymer/metal interface
[6]. This has prompted a number of investigations to probe the microscopic
origins of the adhesive bonding. Utilizing surface science techniques such
as X-ray photoemission spectroscopy (XPS) and near edge x-ray absorption fine
structure (NEXAFS), the electronic core and valence structure of PMDA-ODA
polymer/metal interfaces have been studied [7-12]. Other techniques such as
transmission electron microscopy [13], Rutherford backscattering spectroscopy

% [14] and electron energy loss spectroscopy [15,16] have also been utilized in

m% the study of polymer/metal interactions.
Studies of thin metal films deposited on the surface of a much thicker

(usually bulk) polyimide phase have provided the main source of chemical in-
formation [7-12,17]. For example, room temperature deposition of chromium
leads initially to bonding to the PI substrate, possibly via the carbonyl
groups, and subsequently with increasing chromium coverage to formation of a
carbide like carbon species [18]. Similarly, other electropositive metals
such as aluminum, [11] titanium [12] and nickel [7] also appear to react
through this carbonyl entity. Copper [7,9,11] and silver [7], however, show

V %



only a weak interaction with the oxygen in the et her part kl I1P ,bkin.
'he second method for produc ing . eii'?a I po l V iMi ? iltlC t.11 V i - i

coat ing or evaporating the polymer precursor ( VAA) on?, " . suppo, t,, ret i I
Siim, prior to curing and the formation of polvimide. In t lie spin coat in1g
process the polvamic acid is dissolved in a polar solvent, e.g. N-it hylp% -
railidone (NMP) , whereas in the evaporation process both polymer colist ituelits
PMDA and ODA are deposited onto the substrate [19-211. Bulk polyimide/metal
interfaces formed in this way have been shown to prodiluce a marked inireasi,
in, for instance, the peel strength of a Pl/copper oxide interface comlarid
to conventional metal deposition [171. The precursor/metal interfacial r,,c-
tion is apparently much stronger compared to that of the metal/el interta, ia
reaction where the polymer is fully cured prior to metal deposit ion.

The presence of the polar solvent must also he considered in a temptri-
son of spin coated and vapor deposited films. As domonstrated recenti v lv

* Kin, ot al. 1171 and Kowalczyk. et al. [221 fi ptolvimide/ uqppi ,i' I.

terfaces, the presence of the solvent NMP lead-, to Iorin i :i r, cupris oi dh
particles in the polymer film, whereas interfaces prepared liv t lie solvent 1,-;
method, i.e. vapor deposition of the organic constituents or copper evapoia-

* -tion onto fully cured polyimide, showed no such precipitates.
The way the interf.--9 rs pr,-,-i'cd needs Io be .onsidered if any vai-i

comparisons are to be made between the adhesion of different metals/poyiido
interfaces. The fundamental variations between each type of interface wi
essentially reflect the electronic and therefore chemical properties ol the
bulk metals as compared to those of metal atoms, clusters or very thin metal
films. However, the formation of the polymer (from the dissolved precursor
or from the vapor codeposited constituents) will also play a significant role
in determining the specific bonding.

This brief report is organized as follows. First, we summarize our
previous results on the interaction of the pure polyimide constituents PMIDA
and ODA with clean silver and copper surfaces. Codeposition of PMDA and ODA
leading to polyamic acid formation is discussed in relation to the adsorpt ion
of the pure constituents. As will be shown, imidization of polyamic acid
films involves structural changes in the polymer film resulting in an average
orientation of the polyimide chains parallel to the substrate. We finally
show the first data on the topography of thin vapor-deposited polyimide fLlms
as determined from scanning tunneling micrographs.

EXPERIMENTAL

Our experimental setup and the procedures to produce ultra-thin polv-
imide films by vapor deposition has been described in detail previously
[21,23[. In brief, the constituents PMDA and ODA were deposited from heated
quartz tubes in a UHV chamber onto the substrate held at room temperature,

followed by heating in vacuum to imidize the film. The various stages of de-
position and reaction were followed by x-ray photoelectron spectroscopy using M
a hemispherical electron energy analyzer (Leybold Heraeus EAlI) operated with
a resolution of 0.92 eV as measured on the Ag 3d 3/2 emission. The infrared
data were recorded with a home-built vacuum IR Reflection Absorption Spec-
trometer with a grating monochromator and with a commercial FTIR Spectrometer
(Mattson Cygnus 100). The IR data have been corrected for the transmission
of the instrument so that relative intensities can be compared over the whole
spectral range. The STM results at various deposition and curing stages were
obtained with a Nanoscope (Digital Instruments NanoScope 1) operated in air.

RESULTS AND DISCUSSION

Both PMDA and ODA undergo fragmentation un clean polycrystalline silver
and copper surfaces and on a Cu(ll) substrate [20,23,241. An important as-
pect for evaluating the possible bonding situation of polyamic acid and sub-

.
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Qequentlv polyimide with the metal substrates is lie degr,'t- ol dissw,,cia ioj ,
i.e. whether the fragments still retain funct ional groups which in reat t
with ODA or PMDA to effectively interlink the polvmor film with the stili-
strate. The degree of fragmentation on the surface was dot ermainlI from tie
XPS data by the C is, 0 Is and N Is binding energies and an ev-iliiai ion o t he
stoichiometry of the surface phase, as discussed in detail in relerences
[21,23]. A model for the bonding configuration of the molecular fragments
consistent with the core level binding energies and the stoit hiometrv of the
surface layer can be derived, but needs to be tested hv direct Irioturai
probes. In the following we susmrarize our previos MIS' data and show IR it-
floction absorption data for ultra-thin Ii/imi ,,I [fDA, I)A, tldl'.ii - id
polyimide on polycrystalline copper which support our previous iinl ings Ithat
polyimide adhesion occurs via a chemically booded fragment el laverof I !IDA
and possibly ODA.

Adsorption of PMDA and ODA on Silver and Copper Surfaces

The XPS data taken for PMDA adsorbed on poiycrystalline silver exhib-
ited distinctive changes as a function of film thickness, i.e. nonolayer to
inultilayer adsorption. The spectra taken for l ilm thicknesses in excess of
d - II X clearly showed the expected binding energies and intensities for
molecularly condensed PMDA. For monolayer coverages, however, the interpre-
ration of the C is and 0 is band revealed a deficit of one CO moiety of PMDA,
indicating the reaction of one anhydride functionality with the surface lead-
ing to the release of one CO molecule into the gas phase. Angular resolved
XPS measurements further suggested a tilted bonding geometry of the P1MDA
fragment with respect to the substrate. The result ing model of PMDA adsorp-
tion on silver at room temperature is shown in Fig. I. A tilted bonding ge-
oretry of the PMDA fragment has also been observed on a Ag(110) surface in a

* .NEXAFS study [25].

% 00

C~C
cog

O==. C:

, ~ ~~bnding-- 0=j -_ .

o ciSubstrateN

Figure 1. Proposed bonding model for PMDA on a polycrystalline silver sur-
face. -

The bonding for PMDA on silver is not fully understood but probably in-
volves interaction of the oxygen atoms of one fragmented anhydride group in a
monodentate or bidentate configuration and possibly of a carbon atom in the

phenyl ring with the substrate. The bonding to the substrate is relatively
strong, since heating the layer does not lead to desorption but to further
decomposition [23). This bonding configuration is such that the undisturbed
anhydride group of the PMDA fragment can react with ODA and thus link a poly-
imide chain to the substrate. Indirect evidence for such a bonding configu-
ration in the polyimide/metal interface has been obtained in our studies of
ultra-thin (ii A < d < 35 A) polyimide films on polycrystalline silver and
copper surfaces. The 0 Is data showed spectral features which are consistent
with the interfacial presence of fragmented PMDA and ODA. Frther support
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for such a model was derived from the observat ion tbati pure N iA .iiid ODA 1I,
erb undlergo decomposition upon heating to tersperat orvsees I,, t:,j ",
the polvamic acid, whereas in the cast! of t hin 1,olvIttic wIjt fil 11,,11
dence was found for a dissociative reaction in the interface. This, testli
indicates that the PMflA (and ODA) fragments are thurroil v statii/( b", It'.
p, ',vimi

4
- overlaver, which in turn means that -I chemlical he)ni 'tt

tweell interface and polymer film.
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tion involving the loss of two carbonyl groups 1241. IR reofl.,t ion . r
tion data for a thin film (1-2 monolayer) of PMIDA on poyctLv iine oppi-I
are shown in Fig. 2a. The spectra displayed were taken after dosing th,! sub-
strate at 220 K and subsequently heating to 300 K. A comparison of the IR
reflection absorption spectrum to that of bulk PMDA [261 or dissolved PMDA
[27, reveals that the phenyl ring modes (expected at I 68 cm

-
1 id I .'.6(0 cm

)

are missing or very weak, whereas the symmetric and asymmetric carbonvi
stretching modes at 1790 cm 

1 
and 1860 :m

-
l (although in a different inten -

sitv ratio and not resolved as in the bulk compound) and the anO- h .hvdr i Iv
stretching mode (or B-,u ring mode of the phenvi ring) at (12'(1 c -
present ksee Table I). In addition, a small absorpt ion band is obt, rved
around 1703 cm

-
I, which does not exist in the 'MDA bulk spect ra.

Table 1

Literat ure
Fxpt (cm -

1) [271 (cm
- 1

) Mode Assignments 110,111

PHDA

1085 1085
1152 1152
. 240 1240 ' ((OC) stretch or ring mode 0
,- 1368 Ring mode

% ---- 1460 Ring mode Rli./) (l7)
--703 - Tentatively assigned to a OCO :tretdh in

a formative type surface bond
1790 1770 Carbonyl (c,=O) stretch (sym)

O 1860 1858 Carb,,nyl ((-0) st retch (asVm)

ODA

ilO 1115
1225 1225 1(coc) asym stretch or ring mode (b2)
1275 1282
1325 1320
1390 1380
1510 1500 Ring mode (Blu) ('13)
1625 1620 Nil2 scissor mode or ring mode (Ag)(,

- In molecular PMDA, the phenyl ring and the anhydride groups are all in
the plane of the molecule. Thus, if the molecule would physisorb in a con- M
figuration parallel to the surface, the in-plane phenyl ring modes as well as
the carbonyl and anhydride stretching modes should not be detectable due to M

the dipole/image dipole cancellation of the effective dipole moment on the
metal surface. For a configuration where the PMDA molecular plane is perpen-
dicular or tilted with respect to the surface plane, the above mentioned
modes should be active. However, our results show that only the carbonyl and
anhydride modes are active, whereas the phenyl ring modes are not detected.
This, consistent with the XPS results, reveals that the PMDA molecule must
undergo fragmentation in the adsorbate phase, and the absence of the phenyl
ring modes might even indicate that concurrent with the loss of carbonyl
groups the phenyl ring opens due to a strong interaction with the metal sub-
strate.

The present data are not sufficient to derive a bonding model, in par-
ticular since it is not obvious that the adsorbate phase is homogeneous. -
However, we want to point out some characteristic features. The decrease in
the asymmetric carbonyl stretching frequency, when compared to the undissoci-

%
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ated condensed molecules at 220 K [26) revea Is that t o some ext oe t het
dride functionalities, which include two carbonyl groups, ar t, ffocte ,l
heating from 220 to 300 K. Secondly, we find a band at 1703 cm- 1 which i-, it
a frequency where the carbonyl stretching frequency of formiate species have
been observed [281, indicating the possibility of a similar bonding situat ion
for the fragmented PMDA molecule. Most importantly, however, the fragmentod
FMDA laver still contains anhydride functionalities as indicated by the 12401

C-0-C stretching frequency. These anhydride functionalit ies ihiretnie
are accessible to a reaction with oxidianiline. Heating the ultra-thin MI"A
film to 373 K results in the loss of essentially all molecular vibrations
.261. This is consistent with XPS data, which show sublimat ion and fuith tr

• fragmentation of PMDA above room temperature.
Oxidianiline was found to decompose part lv on both silvvr id 'oplh

surfaces at room temperature in our XPS studies. Contrary to PMDA on silver.
where a defined surface species was isolated, Ol)A is adsotrbed in a mixesd
phase possibly consisting of molecular ODA, dissociated oxygen ant )xidiani-
line fragments [23,241.

The IR reflection absorption spectra of a polvcrystalline copper sil-
face with a 1-2 monolayer ODA film (Fig. 2b.) shows, albeit with different
intensities than in the dissolved molecular compound t271, all nolecular vi-
brations. Compared to the molecular spectra, the NH2 scissor at 1625 cm-

1

and NH, stretching modes (not shown here) are very broad indicating possibly
hydrogen bridge bonding to the surface oxygen (originating from partial dis-
sociation of OFA) or within the adsorbate phase. 'lht presence of all iailth-
lar vibrations furthermore indicates a structural and/or chemical non-
homogeneous phase, as was also inferred from the XI'S data.

Codeposition of PMDA and UDA: Polyamic Acid Formation and Imidization of the
film

Codeposition of ODA and PMDA onto the metallic substrates held at room
temperature leads to polyamic acid formation 120,21,23,241. The film -ar
contain excess PMDA and ODA molecules, depending on the flux ol the two cn-
stituents, but the excess molecules will evaporate when the film is heated.

STn the imidization reaction, water is formed and released into vacuum. The
XPS results showed that imidization of the film begins at T - 40 K as evi-
,lenced by a decrease in the hydroxyl 0 Is band. However, in all our XPS ex-
periments we were unable to produce a pure poLvimide film. Spectroscopic ev-
idence suggested that the films formed by vapor depcsition always contain
some unreacted or incompletely reacted oxidianiline molecules or fragments
[21,231.

The XPS experiments on the formation of ultra-thin polyimide films (I1
A < d < 35 A) on silver and copper further revealed that the interface he-

-'. tween the polyimide and the metal contains PNDA and/or ODA fragments which
are stabilized against thermal decomposition by the presence of the polyimide
film. If pure ODA or PMDA monolayer films are heated in vacuum above T
4701C, dissociation into carbonous species was observed.

The same conclusion, i.e. the stabilization of the interfacial layer of
fragmented ODA and PMDA is derived from our IR experiments. The vibrational
mode assignments are given in Table II. Fig. 2c shows the I reflection
spectrum of an ultra-thin codeposited layer of PMDA and ODA. Both the bands
of molecular ODA and PMDA fragments are present, in addition to a more pro-
nounced broad NH, scissor mode band around 1660 cm

-
1 and, not shown here,

* bands due to hydroxyl group formation around 3600 cm
-1

. Also, the band a"
1703 cm

-
I
, 
which is identified with fragmented PMDA on the surface, is visi-

ble. Heating the film results in more complete polyamic acid formation. The
spectra taken at T = 373 K (Fig. 2d) of the same film are dominated by the
ODA ring mode, a broad NH, scissor mode region, and a persistence of the mode

originating from fragmented PMDA at 1703 1m
-
1
. 

Note that the carbonyl
stretching frequencies are absent within the signal to noise level, indicat-
ing that in the thin polyamic acid film the dynamic dipole moments associated



with the carbonyl stretches must have a strong component parallel to the Sur-
face plane. At T > 425 K, imidization sets in and leads to dramatic changes
in the spectra. The bands at 1117 cm

-1 
and 1383 cm

-
1 are due to the imide

(OC) 2N C mode and imide C-N stretch, respectively. The strong increase in
the carbonyl stretching frequency indicates a structural rearrangement in the
film as compared to the polyamic acid film. Note that the PMDA fragment vi-
bration at 1703 cm -  is persistent as a shoulder on the strong carbonyl band.

TABLE I1

PAA PI Mode Assignments [30125C 100*C 150*C 2000C

(1) 1085 1085 1082 1082
(2) 1104 ---- 1100
(3) 1125 1117 (OC)2N C mode (imide)
(4) 1152 1152 1150 1150
(5) 1245 1245 1245 1245 1252 Ether linkage )M(C") stretch (asyM).

(6) ---- ---- 1385 1385 1383 v(C-N) stretch (imide)
(7) 1510 1510 1510 1508 1505 Ring Mode (ODA)

1545 1545 1540 ----
1625 ----. -.-- .- ..

,(8) 1700 1700 1705 ----
(9) -1738 1738 1725 Carbonyl '(c=O) stretch (sym)

-- 1770 1770 1779 Carbonyl '(C=O) stretch (asym)
1 (10) 1790 ..----..------ Carbonyl mode in polyamic acid

(11) 1860 ..----..------ Carbonyl mode in polyamic acid

the polyimide spectra (2e, f) show all the features of a fully cured
polyimide film [19] and no indications for a substantial amount of isoimide
formation. The same observation, i.e. that vapor deposited polyamic acid
converts nearly quantitatively to polyimide, has been reported originally for
thick films [19].

Our IR data thus reveal that spectral features associated with PMDA
fragments in the interface persist when a thin polyamic acid film is
imidized, and secondly, during imidization structural changes occur in the
polymer film.

The average orientation of the polymer chain can be inferred indirectly
'-v har;4 the peiariza !Pn of the 1;ght with respect to the surface plane.
In films where the thickness does not exceed the screening length of the

%' metal electrons only those modes are detected in an IR reflection absorption
experiment which have a component of their dynamical dipole moment perpendic-
ular to the surface. In thicker films other modes will also be detected, yet
their relative intensity ratio will still reflect the average orientation of
their dynamical dipoles.

In Fig. 3 we show the IR reflection absorption spectra of a thick poly-
imide film taken with p-polarized light at an incidence angle of 8S5 with re-
spect to the surface normal (3a) and a FTIR Reflection absorption spectrum
with unpolarized light at an incidence angle of 450, The relative polariza-

stion of the light can be changed by refraction effects at the polyimide/vac-
uum interface. This would change the direction of the p-component of the
electric field vector in the polymer film to a larger angle (490) with re-
spect to the surface normal. This, however, does not alter the general model

V of the polymer orientation discussed below [26).
The FTIR spectrum is partially obscured by residual CO2 gas phase bands

between 1800 and 1500 cm
- 1

. Both spectra show the same bands, but the inten-
sity ratio between the carbonyl stretching band (1725 cm-

1
), the ODA v13 ring

modes (1505 cm
-1

) and the imide bands (1383 cm
-1 

and 1117 cm
-1

) and the vCOC
6,,



ODA mode is distinctly different. In spectrum 3a, onlv those vibrat ions kit ,,
- a dipole moment perpendicular to the surface will be tetected, whvreas ir

spectrum b, all dipole orientations should be act ive, since the incidont
light was not polarized.

a 6 Microns
5 67 8 9 10

bV

.-; Wavenumber x 10"

*0 °

Figure 3. Infrared Reflection Absorption data for a polyimide film about
100 A thick, a) P-polarized light, incidence angle 850. b) U;t,-
polarized light, incidence ingle 45'.

The carbonyl stretching freyuency at 1725 cm-1 and the out of plane
aromatic ODA <13 mode at 1505 cm- both have a dynamical dipole moment
perpendicular to the chain axis of the polymer. As schematically shown in
Fig. 4, the polyimide chain is not straight, but due to the bond angle in the
ODA molecules exhibits a "zig-zag" orientation. Russell [29] reported x-ray 4
diffraction data on spun-on polyimide films, from which he concluded that the
polyimide chains are oriented parallel to the surface. However, from his

S-c data, which give the projection of the polyimide repeat unit onto the surface
plane, it cannot be determined whether the "zig-zag" structure is in the
plane or perpendicular to the plane of the surface. Since the vibrational
modes which have a dynamical dipole along the chain axis are intense in the
p-polarized spectra, we have to conclude that the direction of the chains
must have a component perpendicular to the surface, which is the case for a
zig-zag orientation perpendicular to the substrate as indicated in Fig. 4.
When both polarizations of the light contribute to the spectrum (3b), the
relative intensity ratio between the out of plane modes (with respect to the
polymer chain) and the axial modes changes. It appears that the out of plane

-" modes ('CO, '13) are more intense due to the additional s component of the
* light. The dynamical dipole moment of the ' CO mode and the v13 phenyl modes

are close to perpendicular to each other due to the staggered configuration
of the ODA and PMDA constituents of the chain. Yet the intensity ratio be-

"A tween these two bands does not change as a function of polarization, which
means that both the PMDA and ODA moieties must be inclined by approximately
the same angle with respect to the surface normal. Such a configuration
would result in a polarization independent absorption ratio of these two

%J4,.
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! Is and an equal enhancement of absorption when the light is unpolar ivd.
Since the polymer chains will have random azimuthal orientat ivi il Hit(, In-

figuration shown in Fig. 4, the intensity ratios between the axial mode, i1l1
be largely independent of both polarization and incidence ane as ,-CIV. A
experimental ly.

FTIRRAS .

E E

45
o'a

,:..o, oN °- o o

0 k
f.. .,

IRRAS
EESPMDA

,: .. .. . . .coupling

Figure Orientation of the polyimide chains as determined trom the infra-

red reflection absorption data. The polyimide chains are orient-
ed parallel to the surface, the "zig-zag" of the chains is oi av-
erage in the plane of the surface normal. The orientation of the
PMDA and ODA units is in between the two orientations labelled a
and b. Chemical bonding to the substrate is indicated by a PMDA
fragment adsorbed on a silver surface.

Our IR data thus supports the orientational model shown in Figure 4
.r,.- where the rotational orientation of ODA and PMDA units of the chains with re-

spect to the polymer axis must be between the two structures indicated as a
and b.

In Figure 4 we also show the postulated interlink between the polyimide
film and a PMDA fragment on a silver surface. This model is consistent with
our previous XPS and NEXAFS data for PMDA adsorbed on silver and with the in-
frared absorption data described above.

Topographic Changes in Thin Polyamic Acid Films During Imidization

During imidization of the polyamic acid the average thickness of the M
film decreases by up to 60% [20,23,24], due to loss of material and struc-
tural changes in the film. XPS results on the ultra thin polyimide (d < 40
A) films on silver, copper and gold further revealed that the film must be-
come discontinuous.

To study these topographical changes we have used a Digital Instruments

Nanoscope i to obtain scanning tunneling microscope (STM) images of polyimide
S- films at various stages during curing. Figure 5 shows two examples. In this

vase the substrate is a gold film evaporated onto mica. The codeposited
PMDA-ODA film was heated in vacuum below the imidization temperature (390 K
for 15 minutes) (Fig. 5a) and then was cured at 425 K in vacuum for 15 mill-
utes (Fig. 5b). After each heating, the film was removed for examination bv
STM and FTIR. The uncured film (Fig. 5a) was about l0 A thick based upon
attenuation of the gold XPS signals. The area shown in the STN images is
about 200 A by 180 A and the topographic relief in 5b is about 5 A. The un-
cured film shows no topographic features, the apparent structure in the pho-

.'
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